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Abstract
The perturbation method for the analysis of thin, manifestly deformed films is
given. The application of the method the excitons in the film has shown that those have
the effective mass essentially depending on the propagation direction. The effects of a
mechanical deformation of the film were investigated. It was concluded that the film
could serve as an emiter of infrared radiation if the mechanical deformation periodically
changes in time.
2Perturbation Method in the Analysis of thin deformed Films
and the possible Application
1. Introduction
The blank point in the theory of structures with manifestly broken symmetry are the
theoretical analyses of thin deformed films. It should be noticed that deformed
structures were intensively investigated in two directions. One of them is theory of
dislocations, dealing with the problems of partly deformed translationally invariant
structures. The substructures where the deformation takes place  are very different: one
lattice point or several ones, the currves, planes and the parts of total volume. Theory of
dislocations was successfully developed for a long time and it gave a series of usefull
and interesting results [1-3].
The second domain of research were semiinfinite structures as well as the thin
films, deformed only on the boundary surfaces, having the translationally invariant bulk.
The main success of these theories is the discovery of surface states and investigation of
their properties [4-12].
Thin films deformed in the whole volume are analysed in the papers [13,14]. A
set of difference equations.was set up, but during the solution procedure, a continuum
transition was performed. As for the other papers treating this subject (papers [l5-19] are
some examples), the characteristics of deformed films were studied numerically, but
only partially, because only certain experimentally determined values vere commented
and explained. It is obvious that in such a manner no general conclusions can be
deduced, and every results obtained is only of particular interest.
2. The Perturbation Method in the Analysis of thin deformed Films
We  shall consider an anisotropic cubic structure with lattice constants xa , ya ,
and za  . It will be assumed that in this structure the elementary excitations of excitonic
type appear. The Hamiltonian of this system, taken in the approximation of the nearest
neighbours has the following form
( )+++∆= ∑∑ λ−λ++
n,s
n,nn,n
n
nnid ss MMBBH
( )∑ λ−λ−λ+λ++ ++
n,s
nn,nnn,nn ssss BRBRB
( ) ( );n,n,nn;z,y,xs;n,n,nn zyxxzyx 1±≡λ±=≡ ( ) ( )±≡λ±±≡λ± zyxzzyxy n,n,nn;n,n,nn 1
(2.1)
for the ideal, translationally invariant crystal. In the formula (2.1) eV5~∆  is the
excitation energy of an isolated molecule, eV50.~M  and eV10.~R  are the matrix
elements of the operator of dipole-dipole interaction and Bose operators +B  and B
create and anihilate the excitons. More details on  excitonic  systems one can find in
[20-23].
We shall consider the thin film with boundary surfaces normal to z-axis. It will
be assumed that film is deformed only along the z-direction. In XY planes the crystal is
infinite and translationally invariant. Index n  takes the values 0,1,2,3, ..., Nz, where
1000100 −~N z . The layers labeled by 1−=zn  and 1+= zz Nn  do not exist.
3The main purpose of this poper is to formulate the suitable analytical method for
analysis of thin films deformed over the entire thickness. The basic idea of this method
is to  treat the structural deformation as a perturbation. It is obvious that such approach
is applicable only to weakly deformed films. Strongly deformed structures could not be
analysed in this way, but, on the other hand, the question is opened whether strongly
deformed structures can be considered as a crystals, They are more similar to liquid
crystals or to amorphous materials.
In the first part of this work the perturbation method will be exposed. The
second part will be devoted to the problem of mechanically deformed optically active
crystals. The general method, given in the first part, will be applied to the films
deformed by external pressure.The effects which could be expected after removing the
pressure will be discussed.
Due to the fact that the film is deformed only along z-direction, the quantities ∆,
M and R become dependent on the index zn . The following dependence will be
assumed:
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Taking into account the symmetry properties of M and R i.e.
11 ++ = zyxzyxzyxzyx n,n,n;n,n,nn,n,n;n,n,n FF , where F stands for M and R, the following is valid:
( )111 +α+== ++ zzzn,n,n;n,n,nn,n,n;n,n,n nMMM zyxzyxzyxzyx
( )111 +β+== ++ zzzn,n,n;n,n,nn,n,n;n,n,n nRRR zyxzyxzyxzyx
(2.3)
Finally, due to the absence of layers 1−=zn  and 1+= zz Nn  one can write:
0110 == +− zyxzyxyxyx N,n,n;N,n,n,n,n;,n,n MM
0110 == +− zyxzyxyxyx N,n,n;N,n,n,n,n;,n,n RR
(2.4)
wherefrom it follows:
( ) ( ) 010 =+γ=γ zN (2.5)
where γ stands for α and β.
Taking into account (2.2) - (2.4) the Hamiltonian of thin, weakly deformed film
can be written as:
intf HHH += 0 (2.6)
where
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It is seen from these formulas that the small deformations ε, α and β are
included into intH  and this part of the Hamiltonian fH  will be treated as a
perturbation.
Following the rules of the perturbation theory we shall first solve the eigen
value-problem of the Hamiltonian 0H . Single-particle excitonic wave function will be
taken in the form:
∑ ∑ ==ψ +
zyx zyx
zyxzyxzyx
n,n,n n,n,n
n,n,nn,n,nn,n,n A;BA 10
2 (2.9)
Applying the operator [ ]0H,BEB nn −  to the function (2.9) one obtaines the following
system of difference equations defining the coefficients A:( )( ) ( )−+−+++∆−
−+ zyxzyxzyx n,n,nn,n,nxn,n,nzyx AARAMMME 11222( ) ( ) 01111 =+−+− −+−+ zyxzyxzyxzyx n,n,nn,n,nzn,n,nn,n,ny AARAAR
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zz Nn = (2.10)
Keeping in mind that the system is translationally invariant in XY planes, we
shall look for the solution of the system (2.10) in the following form:
)((0)(0) e yyyxxx
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nkankai
nn,n,nA
+
= A (2.11)
After substitution (2.11) into (2.10) we obtain the system of equations:
( ) 001 =λ−ρ+ AA ; 0=zn
011 =ρ++ −+ zzz nnn AAA ; 11 −≤≤ zz Nn
( ) 01 =λ−ρ+− zz NN AA ; zz Nn =
(2.12)
where ( ) ( )( )EkaRkaRMMMR xxyxxxzyxz −+++++∆=ρ − coscos221 (2.13)
and
z
z
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=λ . (2.14)
The secular equation of the system (2.12) is:
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The determinant (2.15) can be easily expressed in terms of the second kind Chebyshev's
polynomials [24]:
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The connection between X and T is the following:
02 1
2
11 =λ+λ−= −++ zzzz NNNN TTTX . (2.17)
Equating (1.17) to zero one obtaines the following transendental equation defining the
values of the parameter ξ as well as the values of the parameter ρ. In the interval [0,π]
the equation (2.17) has 1+zN  non-zero solution for ξ, which will be denoted by zνξ ;
1321 +=ν zz N,...,,, .
Since 
zz νν
ξ=ρ→ρ cos2  the energies of fexcitons are given by:
( ) ( )zzzxxyxxxzyxk,k,k kaRkaRkaRMMME zyx coscoscos22 −+++++∆= , (2.18)
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=
ν
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The coeficients z
zz
k
nn A→A  can be found in usual way from the system (2.12). The
normalized solution is of the form:
( ) ( )( )zzzzzznkkn kankanNA zzzz sin1sin1 −+−=
( )( )( ) 212221 1cos2112 /zzzyx/k kaNNNz −λ−+λ+−+=N
(2.20)
In accordance with (2.9) and (2.20) the orthonormal wave function of the excitonic
system is:
∑ +=ψ
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7Since the zero-order energies (2.18) as well as the zero-order wave functions (2.21) are
found the further application of perturbation method is well known and a
straightforward procedure. We shall quote the first order correction to the excitonic
energy (2.18). This correction is:
=ψψ≡δ
zyxzyx k,k,kintk,k,k HE
( )( )( ) ⋅λ−+λ+λ−+= −122 1cos2112 zzz kaN
( ( ) ( ) ( ) ( ) ( )(∑
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z
z
N
n
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1
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( ) ( ) ) ( )( )−λ−+β+β+ zzzzzzyyzyyxzx kankankankan sin1sincos2cos2
( ) ( )( ))⋅−λβ− zzzzzzzz kankann 1sin-sin2
( )( )).kankan zzzzzz sin1sin λ−+⋅
(2.22)
The higher order perturbation corrections can be found in the standard way. The explicit
form of these corrections will not be quoted. Instead of that we shall discuss the
expression (2.18) defining the zero-order exciton energies in film. This expression
differs from the corresponding expression for an ideal structure. The difference consist
in the оpposite sign of the term proportional to zR .
Assuming aaaa zyx ≡==  it follows: MMMM zyx ≡==
RRRR zyx −===  and using the small wave vectors approximation we found from
(2.18): ( )θ−θ+−+∆= 2222 cossin26 kaRRME f , (2.23)
where θ is asimutal angle in k
r
-space.
The corresponding energy of ideal crystal is given by:
2266 kaRRMEid +−+∆= , (2.24)
We see that the excitonic gap in ideal structure is less than the corresponding one in the
film. The more essential difference lies in the fact that the effective excitonic mass in
film depends upon asimutal angle θ, i.e.
( ) ( )θ−θ=θ 222
2
cossin2 aR
m*f
h . (2.24)
It follows that excitonic effective mass in film depends on the propagation
direction. For 24 // π<θ<π  effectiv-mass is possitive and consequently excitons
have the possitive dispersion. For the propagation directions lying in the intervale
40 /π<θ≤  excitons have negative effective mass and negative dispersion. The
excitons cannot propagate on the cone 4/π=θ  since their effective mass is infinite.
The last conclusion can be used for experimental testing of the exposed theory.
3. Thin Molecular Film under an external Pressure
In order to illustrate possibilities of the general approach we shall consider the
thin molecular film which is deformed by external pressure. It will be assumed that the
pressure is applied to the boundary surfaces of the film having the equal magnitude on
both surfaces. In this way the lattice constant za  is symmetrically deformed and
8becomes the function of index zn , The symmetry plane for za  is the middle of the film.
Consequently, the parabolic form of this function can be used:
( )
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2
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N
nQPna .
(3.1)
where P and Q are undetermined coeficients and zN  is an odd number.
The applied pressure maximally changes (decreases) the lattice constant between
boundary layers. Consequently, it can be taken:
( ) ( ) ( ) zzzz aNaa η−=−= 110 . (3.2)
where za  is the latticeconstant of underformed film. z
Assuming that the lattice constant between middle layers remains unchanged by
the pressure, i.e.
z
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we easily find the function (3.1):
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It was said earlier that M are matrix element of the operator of dipole-dipole
interaction. Consequently it can be taken:
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Comparing (3.5) to (2.2) we can write:
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In order to simplify further calculations we shall assume that the deformations of
the lattice constants xa  and ya  are negligibly small. This leads to:
( ) ( )zyzx nn α=α . (3.7)
The change of matrix elements R will be neglected too, because they are smaller than M
for the order of magnitude. Consequently:
( ) ( ) ( ) 0≈β=β=β zzzyzx nnn . (3.8)
It is evident that the pressure cannot change ∆ where from it follows:
( ) 0=ε zn . (3.9)
The excitonic energy shift caused by the applied pressure can be calculated from
the formula (2.22) after substitutions (3.6) - (3.9). So we obtain:
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9This formula can be simplified accounting for the fact that 1>>=λ zz R/M .
Neglecting small terms in (2.10) we obtain approximately:
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The sums in (3.12) can be easily calculated but exact expressions are very complicated.
Taking into account that for real films has to be 1000≥zN  we can simplify these
expressions and their approximate form is:
3
1 zNS ≈ ; 32 2 zNS ≈ ; 33 3
4
zNS ≈ .
(3.13)
After substitution of (3.13) into (3.11), where zz NN ≈−1  we finally obtain:
zME η=δ 2 (3.14)
For estimation of the magnitude of energy shift (3.14) can be taken eV10,M ≈
and 10.≈η  (the last statement means that for the boundary lattice constants
( ) ( ) zzzz aNaa 10
910 =−=  is valid, i.e. they are shortened by ten percent under the
pressure) which lead to
eV020.E =δ (3.15)
To the energy δE corresponds the electromagnetic radiation with wavelenght of about
60.000 nm, which is in the domain of far infrared.
The possible application of the last results obtained consists in the following. It
is reasonable to expect that the film will illuminate the obtained energy δE after removal
of the pressure. If the pressure is applied and removed periodically in time the film
become a periodical emiter of infrared radiation, i.e. it can serve as a transformator of
mechanical energy into electromagnetic, working in a periodical regime.
4. Conclusion
The results of the analysis which are carried out in this work can be summarized
as follows:
i)   The general analytical analysis method of deformed thin films is formulated. This
method is based on the idea that the deformation can be treated as a perturhation.
ii) Application of this method to the excitons in thin film has shown that these
excitations can change the sign of the effective mass, depending upon the propagation
direction.
iii) As a particular case, the influence of external pressure to the excitonic states was
analysed. It was shown that the film could work as a periodical transformator of
mechanical energy into the electromagnetic if the pressure is applied and removed.
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periodically. The electromagnetic waves obtained in this way'should lie in the infrared
domain.
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